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a  b  s  t  r  a  c  t
Diverse  amorphous  hydrogenated  carbon-based  ﬁlms  (a-C:H,  a-C:H:F,  a-C:H:N,  a-C:H:Cl  and  a-C:H:Si:O)
were  obtained  by radiofrequency  plasma  enhanced  chemical  vapor  deposition  (PECVD)  and  plasma
immersion  ion  implantation  and  deposition  (PIIID).  The  same  precursors  were  used  in  the production  of
each  pair  of  each  type  of  ﬁlm,  such  as  a-C:H,  using  both  PECVD  and PIIID.  Optical  properties,  namely  the
refractive  index,  n, absorption  coefﬁcient,  ˛,  and  optical  gap,  ETauc, of  these  ﬁlms  were  obtained  via  trans-
mission  spectra  in  the ultraviolet–visible  near-infrared  range  (wavelengths  from  300  to  3300  nm).  Film
hardness,  elastic  modulus  and  stiffness  were  obtained  as  a function  of  depth  using  nano-indentation.  Sur-
face  energy  values  were  calculated  from  liquid  drop  contact  angle  data.  Film  roughness  and  morphology
were  assessed  using  atomic  force  microscopy  (AFM).  The  PIIID  ﬁlms  were  usually  thinner  and  possessed
higher refractive  indices  than  the  PECVD  ﬁlms.  Determined  refractive  indices  are  consistent  with  liter-
ature values  for  similar  types  of  ﬁlms.  Values  of  ETauc were  increased  in  the  PIIID  ﬁlms  compared  to  theFM PECVD  ﬁlms.  An  exception  was  the  a-C:H:Si:O  ﬁlms,  for  which  that  obtained  by PIIID  was  thicker  and
exhibited  a decreased  ETauc. The  mechanical  properties  –  hardness,  elastic  modulus  and  stiffness  –  of  ﬁlms
produced  by  PECVD  and  PIIID  generally  present  small  differences.  An interesting  effect  is  the  increase  in
the  hardness  of  a-C:H:Cl  ﬁlms  from  1.0  to 3.0  GPa  when  ion  implantation  is  employed.  Surface  energy
correlates  well  with  surface  roughness.  The  implanted  ﬁlms  are  usually  smoother  than  those  obtained
by  PECVD.
. Introduction
Plasma enhanced chemical vapor deposition (PECVD) may  be
sed to produce a wide array of pinhole-free thin ﬁlms with good
dhesion to diverse substrates [1]. The deposited material may  be
ailored from soft polymeric to hard inorganic, depending on sys-
em parameters such as the monomers, comonomers, and their
ow rates, the power applied to the discharge, etc. Plasma immer-
ion ion implantation and deposition (PIIID) is accomplished by
egatively biasing one of the electrodes so as to attract positive
ons from the plasma. Ion irradiation inﬂuences the deposition pro-
esses and can alter the ﬁlm composition and structure, thereby
ltering physical characteristics of the ﬁlm such as, amongst others,
ts surface roughness, hardness, and optical transmission [2].
∗ Corresponding author. Tel.: +55 15 3238 3400x3437; fax: +55 15 3228 2842.
E-mail address: steve@sorocaba.unesp.br (S.F. Durrant).
1 POSMAT student.
169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2013.05.013© 2013 Elsevier B.V. All rights reserved.
In a previous article we describe the production of a-
C:H, a-C:H:F, a-C:H:N, a-C:H:Cl and a-C:H:Si:O ﬁlms by PECVD
and PIIID [3]. The chemical structure and composition of the
ﬁlms were studied using infrared reﬂection–absorption spec-
troscopy (IRRAS) and X-ray photoelectron spectroscopy (XPS).
Both deposition techniques (PECVD and PIIID) have previously
been used to produce similar types of ﬁlm. The PECVD of
ethylcyclohexane–argon–hydrogen mixtures, for example, pro-
duced corrosion-resistant polymer-like ﬁlms with refractive
indices between about 1.6 and 2.3, depending on the applied
radiofrequency power [4]. PIIID of acetylene on polyethylene
terephthalate (PET) substrates increases the thrombin time,
prothrombin time, and activated partial thromboplastin time
compared to the untreated PET, thus revealing improved haemo-
compatibility [5]. Kondyurin et al. [6] investigated the effects of
argon PIII on spin-coated polystyrene ﬁlms deposited onto silicon
substrates. Ellipsometric measurements revealed that the refrac-
tive index increased from 1.6 (untreated) to 2.15 at a ﬂuence of
2 × 1016 ions cm−2. The ﬁlm thickness was reduced due to ion etch-
ing, and the rate of etching decreased at higher ﬂuences.
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Amorphous ﬂuorinated carbon, a-C:F, ﬁlms are generally chem-
cally inert and have low friction coefﬁcients, thus making them
uitable for tribiological applications. The PECVD of a-C:H:F ﬁlms
as been extensively investigated by the Bari group [7–9] and
thers [10,11]. Plasmas containing ions and CFx and CHx species
x = 1–3), and their roles in the formation of a-C:H:F ﬁlms were
ntensively studied so as to better understand plasma–solid inter-
ctions, and led to the so-called Activated Growth Model [12]. More
ecently, PIIID of a-C:F ﬁlms has been investigated [13,14]. Yao et al.
13] produced a-C:F ﬁlms on silicon wafers from CH4–CF4 mixtures
ith negative bias voltages, VB, of up to 400 V. The F:C ratio in the
lms, as revealed by XPS analyses, decreased as a function of VB.
s conﬁrmed by Raman spectroscopy, the ﬁlms were polymeric at
ow VB and became diamond-like at high VB. Hardnesses increased
rom ∼6 to ∼14 GPa as VB was increased from 60 to 400 V. No sys-
ematic changes in the water surface contact angle were observed
s a function of VB.
The degree of ﬂuorination of a-C:F ﬁlms was controlled in the
–45 at% range using PIIID with CF4 and a carbon cathode arc source
14]. Surface contact angles increased from ∼78◦ to ∼105◦ as the
egree of ﬂuorination was increased. The hardness, as measured
sing nanoindentation, decreased from 42 to 12.4 GPa, but even
he most ﬂuorinated ﬁlm had a hardness far greater that that of
TFE (0.8 Pa).
The incorporation of nitrogen into a-C:H ﬁlms obtained by
ECVD of methane or acetylene with ammonia, methylamine or
itrogen usually reduces the carbon content, the deposition rate,
he proportion of sp3-bonded elements, and the internal stress [15].
ilms of a-C:H:N produced by PIIID exhibit better blood compat-
bility than low temperature isotropic pyrolytic carbon, and this
mprovement is due to the increase in hydrophobicity of the ﬁlm
aused by nitrogen incorporation and increased surface roughness
16].
Chlorine incorporation (∼2.6 at%) in SiO2 ﬁlms produced by
emote PECVD from SiCl4, O2, Ar, H2 mixtures stabilizes the mate-
ial, leading to chlorinated oxides with properties close to those
f stoichiometric SiO2 [17]. Films with high chlorine content tend
o be unstable on exposure to the atmosphere; the chlorine may
e free or loosely bound. Similar studies have examined chlorine-
oped SiO2 [18] or plasma polymerized pyrrole or thiopene [19].
n the latter, the electrical conductivity of the doped polymer was
bout ﬁve orders of magnitude greater than that of the same poly-
er  synthesized by plasma without doping [19].
Silicon-containing ﬁlms such ﬁlms as a-C:H:Si:O and a-C:H:Si:N
btained by PECVD have been studied extensively over the last
ew decades [20–24]. Monomers such as hexamethyldisilazane
20], hexamethyldisiloxane [21–23a] and tetramethylsilane [24]
re common. Applications include selective membranes for water
nd hydrophobic liquids [20], multilayer coatings [21], biomaterials
22] and humidity sensors [23a].
When ions at low energy (keV to MeV) interact with solids, elas-
ic nuclear collisions and inelastic electronic collisions predominate
23b]. Elastic nuclear collisions dislocate atomic nuclei, increasing
isorder and degrading the material. Inelastic collisions between
ons and electrons produce excitations, chemical bond-breaking,
nd ionization.
In polymers or polymer-like materials ion irradiation can pro-
uce excited species, ionized species and free-radicals. The excited
pecies can release energy via phonons or through bond-breaking.
epending on the ﬁlm composition, side-groups can be frag-
ented, releasing species such as H, CH, F, CF, etc. As a result
f such interactions unsaturated groups may  be produced. Cross-
inking may  also be increased. Hydrogen loss and ﬁlm compaction
re well-known effects of ion irradiation of conventional poly-
ers [23c]. Thus ion irradiation produces changes in both chemical
tructure and composition. Much used in electronic applications iscience 280 (2013) 474– 481 475
doping – the deliberate introduction of foreign atoms into the host
material.
Some examples of the modiﬁcation of the optical or mechan-
ical properties of thin ﬁlms via ion irradiation have been given
above. A further example in optics is the increase in n from ∼1.65
to ∼1.78 induced by nitrogen implantation of plasma polymerized
hexamethyldisilazane thin ﬁlms [23d]. The irradiation produced
OH and SiH groups, and increased unsaturation as witnessed by
the appearance of C O and C N structures.
In the present study we  examine some optical, mechanical
and surface properties of a-C:H, a-C:H:F, a-C:H:N, a-C:H:Cl and
a-C:H:Si:O ﬁlms produced by both PECVD and PIIID, and whose
chemical characterization is given elsewhere [3]. This character-
ization revealed that the a-C:H:F material contains <5 at% F; the
a-C:H:N ﬁlms ∼1 at% N. The a-C:H:Cl ﬁlms are highly chlorinated
(∼62 at%), while the a-C:H:Si:O ﬁlms contain ∼50 at% C, 20 at% O
and 30 at% Si. The remaining ﬁlms contain some oxygen at <6 at%.
The elemental compositions were obtained by XPS, so the hydro-
gen content has been ignored. Only subtle differences are observed
in the composition of the same type of ﬁlm produced by the two
deposition methods.
2. Experimental details
Two fabrication techniques, PECVD and PIIID, were employed to
produce ﬁve pairs of ﬁlms. The ﬁlms were all based on amorphous
hydrogenated carbon, a-C:H, but, in addition, ﬂuorine, nitrogen,
chlorine, and silicon and oxygen, were incorporated to produce
a-C:H:F, a-C:H:N, a-C:H:Cl and a-C:H:Si:O ﬁlms, respectively [3].
The deposition system consists of a cylindrical stainless-steel
chamber fed gases from cylinders via regulators and needle valves
or monomer vapors via a vial of liquid monomer sealed by a
needle valve. The chamber contains horizontal parallel-plate elec-
trodes. Radiofrequency power (45–100 W)  is fed to the upper
electrode via a matching circuit. For PECVD the lower electrode
(anode) is grounded. For PIIID the upper electrode (cathode) con-
tinues to be fed RF power, while the lower electrode receives
negative 20 s pulses of up to 4000 V produced using a RUP
6-20 supply (GBS Elektronic, GmBH, Germany). During deposi-
tion the system was  evacuated continuously using a rotary vane
pump. The partial pressures in the absence of the discharge
were used as control parameters. For the deposition of each
pair the chamber was  fed the same monomer/comonomer under
the same conditions of pressure and applied RF power. The ﬁve
feeds (with the partial pressures in Pa), were, respectively, ben-
zene (13.3)/argon (4.0), benzene (13.3)/sulfur hexaﬂuoride (5.3),
benzene(8.0)/nitrogen(5.3), acetylene(3.3)/chloroform(10.0), hex-
amethyldisiloxane (HMDSO)(13.3)/argon(6.7). The substrates were
placed on the lower electrode for all the depositions. Deposition
times of 15–25 min  were used.
Film thicknesses were obtained from proﬁles of ﬁlm step-
heights recorded using a proﬁle meter (Veeco, Dektak 150). The
well-deﬁned ﬁlm edge was  obtained by partially covering the glass
substrate with an adhesive tape, which was  removed following
deposition.
Optical properties, namely the refractive index and absorption
coefﬁcient, were obtained from transmission ultraviolet–visible
near infrared spectra taken at normal incidence in the wavelength
interval from 300 to 3300 nm.  A double-beam spectrophotome-
ter (PerkinElmer Lambda 750) was employed with ﬁlms deposited
onto high quality quartz substrates.Films for study by nano-indentation and atomic force
microscopy (AFM) were deposited onto polished silicon substrates.
Nano-indentation was  undertaken using a Triboindenter–Hysitron
system [25]. Hardness was  determined as a function of depth,
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Fig. 1. The absorption coefﬁcient as a function of photon energy for the ﬁlms pro-
duced with benzene in the chamber feed. P denotes PECVD; I denotes PIIID. The
ﬁlms are a-C:H, a-C:H:F and a-C:H:N. The additional thin lines indicated at <2.5 eV
are  extrapolations of the main curves since the observed oscillations are artifacts.
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mploying a load-relaxation cycle with a force applied to the tip
n the range 100–1000 N (or 291–3000 N for the a-C:H:F ﬁlms).
 pyramidal Berkovich diamond tip of around 100 nm in diameter
as used. At least eight measurements for each indentation force
ere taken.
Glass slides were used as substrates for ﬁlms to be analyzed
sing contact angle measurements. These were undertaken using
 Ramé-Hart 100-00 goniometer in which a syringe dispenses a
essile drop of the test liquid onto the ﬁlm surface. Distilled deion-
zed water and methylene iodide were employed. The contact angle
etween a plane tangential to the drop surface and the ﬁlm was
easured from CCD images. Three drops placed at different sur-
ace sites on each ﬁlm were measured. Ten measurements per site
ere taken. The surface energy was determined using the harmonic
ethod [26].
Surface morphology was characterized using AFM in-air (XE-
00, Park Systems), operating in a non-contact mode. Silicon conical
ips with 5 nm typical radius of curvature supported by cantilevers
ith resonance frequencies around 320 kHz and spring constant of
0 Nm−1 were used. All AFM scans were taken with 512 × 512 data
oints. The ﬁlm surface roughness was derived from 5 m × 5 m
FM scans by calculating the root mean square roughness given by
RMS =
√√√√ 1
N
N∑
i=1
(hi − h¯)
2
(1)
here N is the number of pixels, hi is the height at each point, and
¯
 is the mean height of the surface on the AFM scan.
. Results and discussion
.1. Ultraviolet visible near infrared spectroscopy
For most of the spectra it was possible to determine the refrac-
ive index, n, of the ﬁlm using a method given by Cisneros [27].
hen interference maxima and minima are present in the low
bsorption region of the transmittance spectrum, each extremum
as an associated integer, m, given by:
∼= m−1
(m−1 − m)
(2)
Employing this relation and Eq. (3),
 = 4nt
m
(3)
here t is the ﬁlm thickness, n may  be calculated.
The absorption coefﬁcient, ˛, can also be calculated as a function
f the photon energy, E. As the ﬁlms were amorphous, we used Tauc
lots to estimate the band gaps [28].
Fig. 1 shows ˛(E) for the ﬁlms obtained with benzene as a
onomer, that is, the ﬁlms a-C:H. a-C:H:F and a-C:H:N by both
ECVD and PIIID. While the curves for the a-C:H ﬁlms are similar,
he curves for the a-C:H:F are distinct. A leveling-off of the curve
or the a-C:H:F ﬁlm (obtained by PECVD) at high photon energy
s observed but is an instrumental artifact and is due to the inﬂu-
nce of the large ﬁlm thickness (>3 m)  and the limitation of the
easurement sensitivity of the instrument. The oscillations in ˛(E)
t low absorption are commonly observed, and smoother extrap-
lations are indicated by the additional lines. For the nitrogenated
lms, the curve for the implanted ﬁlm is consistently higher than
hat of the non-implanted ﬁlm.
Fig. 2a shows ˛(E) for the a-C:H:Cl ﬁlms obtained by PECVD (P)
nd PIIID (I). For a given E, the value of  ˛ of the implanted ﬁlm is
ess than that obtained by PECVD. This is in contrast to the behavior
Fig. 2. (a) The absorption coefﬁcient as a function of photon energy for the a-C:H:Cl
ﬁlms. P denotes PECVD; I denotes PIIID. (b) The absorption coefﬁcient as a function
of  photon energy for the a-C:H:Si:O ﬁlms. P denotes PECVD; I denotes PIIID.
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Table 1
Deposition method, ﬁlm type, thickness, refractive index, optical gap and surface roughness.
Production method Film type Thickness (nm) Refractive index Tauc gap (eV) Roughness (nm)
PECVD a-C:H 495 ± 23 1.61 ± 0.07 2.92 0.535
PIIID  a-C:H 293 ± 42 1.73 ± 0.25 2.89 0.482
PECVD a-C:H:F 3347 ± 475 1.50 ± 0.21 2.41 0.484
PIIID  a-C:H:F 1796 ± 39 1.57 ± 0.03 2.75 0.372
PECVD a-C:H:N 548 ± 25 1.56 ± 0.07 2.62 0.505
PIIID  a-C:H:N 375 ± 31 1.63 ± 0.13 2.71 0.434
PECVD a-C:H:Cl 1166 ± 29 1.59 ± 0.04 2.75 0.844
PIIID  a-C:H:Cl 313 ± 12 1.75 ± 0.07 2.97 1.064
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Using the same 15% of ﬁlm thickness criterion as used to deter-
mine hardness, the elastic modulus (in GPa) for the PECVD and PIIID
ﬁlms were estimated, respectively, as 22 and 32.2 (a-C:H), 9 and 9
(a-C:H:F), 28.4 and 21 (a-C:H:N), 27.1 and 64.6 (a-C:H:Cl) and 1.2
0
2
4
6
PIII D
a-C:H: F           a-C:H:F
 a-C:H               a-C:H
 a-C:H:N            a-C:H:N
  a-C:H:C l          a-C:H:Cl
  a-C:H: Si:O        a-C:H: Si:O
H
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PECVDPECVD a-C:H:Si:O 518 ± 26 
PIIID  a-C:H:Si:O 929 ± 113 
f ˛(E) for the a-C:H:Si:O ﬁlms shown in Fig. 2b. In this case, the
mplanted ﬁlms absorb more than the PECVD ﬁlms.
Table 1 shows, for all the ﬁlms, the measured ﬁlm thickness and,
here possible, the refractive index. An optical gap obtained by the
xtrapolation of the linear part of the Tauc plot is listed. In addition,
he surface roughness of each ﬁlm is given in the last column. For
ach pair of ﬁlms it is observed that the refractive index increases
lightly in the ﬁlm obtained by PIIID compared to that obtained
y PECVD. As known form the Clausius–Mossotti equation, the
efractive index of a dense material effectively depends on the its
ensity, molecular weight and polarization characteristics [29]. As
he ﬁlm composition does not greatly change upon implantation,
he observed increase in n with implantation implies an increase
n density or a change in polarization or both. The refractive index
f the a-C:H ﬁlms is comparable to those observed in PECVD ﬁlms
roduced from thiopene (C4H4S)–Ar–H2 mixtures, which are in the
ange roughly from 1.7 to 2.7 [30].
Values of n of the a-C:H:F ﬁlms are consistent with those of ﬁlms
btained by the PECVD of benzene/octaﬂuorocyclobutane mixtures
31], where values between 1.37 and 1.62 were obtained, depend-
ng on the F:C ratio in the ﬁlm (which varied from 1.6 to 0). They
re also consistent with those found for PECVD ﬁlms produced from
2H2–SF6 mixtures [32], which lie between 1.5 and 1.7.
The refractive indices of the a-C:H:N ﬁlms are close to those
ound for plasma polymerized aniline, which are in the 1.55–1.74
ange [33]. For the a-C:H:Cl ﬁlms produced by PECVD, we expect
and observe) n ∼ 1.6 as based on previous studies of ﬁlms pro-
uced from plasmas with 25% chloroform in the feed [34]. For the
IIID ﬁlm the refractive index is 1.75, which is signiﬁcantly greater.
his increase correlates with a relative loss of hydrogen. The refrac-
ive index of the a-C:H:Si:O ﬁlms could not be calculated from the
ltraviolet–visible near infrared data.
The a-C:H ﬁlms have optical gaps of ∼2.9 eV. Increases in the
ptical gap are seen upon ion implantation for the ﬁlms containing
uorine, nitrogen or chlorine. Little information can be extracted
rom the spectra of the a-C:H:Si:O ﬁlms, but rather high optical gaps
re estimated.
For the a-C:H ﬁlms the gap is reduced slightly from 2.92 to
.89 eV when ion implantation is used. This is consistent with the
rend observed for the gap of Ar implanted polypropylene [35], the
all being attributed to increased cross-linking. The magnitude of
he gap is also consistent with those observed for plasma poly-
erized polyterpol ﬁlms [36], which fell from 2.95 to 2.64 eV as
he applied power was raised from 10 to 100 W.  This reduction in
he gap is associated with the presence of –* transitions, cor-
esponding to sp2-C atoms associated in pairs or larger clusters
37,38]. The indirect band gap for the thiopene ﬁlms, however, lies
etween 3.78 and 4.02 eV [30], somewhat higher than the values
eported here.
For the ﬁlms that exhibit an increase in the gap upon implan-
ation there is an associated increase in the ﬁlm carbon content as
bserved in previous XPS analyses [3].– ∼5.6 0.801
– ∼4.6 0.551
3.2. Nanoindentation
Fig. 3 shows the hardness as a function of the penetration depth
for the a-C:H, a-C:H:F, a-C:H:N, a-C:H:Cl and a-C:H:Si:O ﬁlms. The
characteristic hardness of each ﬁlm at a penetration of 15% of the
ﬁlm thickness was calculated. Sometimes applying this criterion
was  not strictly possible since the ﬁlm surface was soft, such that
the ﬁrst measurement was at a greater depth than that required.
Estimated hardness values, in GPa, for the ﬁlms obtained by PECVD
and PIIID, respectively were 1.6 and 2.1 (a-C:H), 1.0 and 0.5 (a-
C:H:F), 1.7 and 1.0 (a-C:H:N), 1.0 and 3.0 (a-C:H:Cl) and 0.1 and 0.2
(a-C:H:Si:O). Under the conditions employed PIIID does not always
lead to harder ﬁlms. The a-C:H ﬁlms have hardnesses close to those
obtained by PECVD of acetylene-argon mixtures (<0.5 GPa) [39].
The a-C:H:F ﬁlms exhibit hardnesses of the same order. For the
PIIID a-C:H and a-C:H:N ﬁlms, however, greater hardness might be
expected, such as ∼6 GPa obtained by Li et al. for PIIID ﬁlms from
C2H2–Ar and C2H2–N2 mixtures [40]. Ion implantation roughly tre-
bles the hardness of the a-C:H:Cl ﬁlms. The resulting hardness
(∼3.0 GPa) is an order of magnitude greater than that of a conven-
tional chlorinated polymer such as poly(vinyl)chloride [39]. The
hardnesses of the a-C:H:Si:O ﬁlms are somewhat less than those
of ﬁlms obtained by the d.c. plasma polymerization of HMDSO
(1.2 GPa) and much less than that measured for HMDSO with 35%
O2 (3.7 GPa) [41].
Fig. 4 shows the elastic modulus of the a-C:H, a-C:H:F, a-C:H:N,
a-C:H:Cl and a-C:H:Si:O ﬁlms as a function of the penetration depth.
Similarly the stiffnesses of the ﬁlms are shown in Fig. 5.0 10 0 20 0 30 0 40 0 50 0
Penetr ation  Depth (nm)
Fig. 3. Hardness as a function of penetration depth for the a-C:H, a-C:H:F, a-C:H:N,
a-C:H:Cl and the a-C:H:Si:O ﬁlms produced by PECVD and by PIIID.
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Fig. 6. (a) The polar, dispersive and total surface energy of each ﬁlm. The left triplet
of each set refers to PECVD (P); the right set refers to PIIID (I). (b) The water surface
angle for each ﬁlm. The results are grouped in pairs for the ﬁlms produced by Pig. 4. Elastic modulus as a function of penetration depth for the a-C:H, a-C:H:F,
-C:H:N, a-C:H:Cl and the a-C:H:Si:O ﬁlms produced by PECVD and by PIIID.
nd 3.6 (a-C:H:Si:O). Thus typically only small changes are induced
y ion implantation. The elastic modulus of the nitrogenated ﬁlms
ctually falls upon ion implantation. An interesting result was the
ncrease in modulus produced with ion implantation for the chlo-
inated ﬁlms.
The stiffnesses (in N nm−1) of the PECVD and PIIID ﬁlms,
espectively, estimated from the curves of Fig. 5, are 10.2 and 9.3
a-C:H), 18 and 14 (a-C:H:F), 14.9 and 10.2 (a-C:H:N), 28.1 and
0.9 (a-C:H:Cl), and 0.7 and 3.3 (a-C:H:Si:O). No large changes in
tiffness were produced by ion implantation.
.3. Surface energy
Fig. 6a shows the total surface energy of the ﬁlms, and the
olar and dispersive components. It is known that the total energy
epends on both the surface chemical structure and roughness. The
olar component, apart for that of the a-C:H:Si:O ﬁlm obtained
ith ion implantation, is always small. For the a-C:H:Si:O ﬁlms
he surface energies are distinctively lower than those of the other
lms.
The water contact angles of the ﬁlms are shown in Fig. 6b. Except
or the a-C:H:Si:O ﬁlms, the surfaces are hydrophilic (contact angle
ess than 90◦).
ig. 5. The stiffness as a function of penetration depth for the a-C:H, a-C:H:F, a-
:H:N, a-C:H:Cl and the a-C:H:Si:O ﬁlms produced by PECVD and by PIIID.(PECVD) and I (PIIID), respectively.
3.4. Atomic force microscopy
Typical AFM images of some of the ﬁlms produced with benzene
in the reactor feed, namely of a-C:H:F and a-C:H, are shown in Fig. 7.
Further illustration of typical AFM images is given in Figs. 8 and 9
for the a-C:H:Cl and the a-C:H:Si:O ﬁlms, respectively.
The surface roughnesses of all the ﬁlms are also given in Table 1.
From the AFM images it was  observed that the surfaces of the
ﬁlms grown with benzene in the feed are partially-covered with
spheres, of about 0.3–0.5 m diameter, which potentially inﬂuence
the determination of the surface roughness. The (white) spheres
are clearly observable in the images of Fig. 7. Therefore, rela-
tively debris-free areas of each sample were analyzed to determine
this parameter. Inspection of the roughness values of each pair of
ﬁlms reveals that ion implantation usually leads to smoother ﬁlms.
The only exception is for the chlorinated ﬁlms, for which a small
increase in roughness is obtained with PIIID.
Inspection of Fig. 6a and the last column of Table 1, reveals
that decreases in roughness correlate with decreases in surface
energy. The increase in roughness for the a-C:H:Cl ﬁlms obtained
by PIIID compared to those obtained by PECVD also corresponds to
an increase in surface energy. The only exception is seen with the
a-C:H:N ﬁlms, for which a decrease in roughness is accompanied
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Fig. 7. AFM images of the PECVD and PIIID ﬁlms. Upper pair a-C:H:F; lower pair a-C:H.
Fig. 8. AFM images of the PECVD and PIIID a-C:H:Cl ﬁlms.
Fig. 9. AFM images of the PECVD and PIIID a-C:H:Si:O ﬁlms.
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y an increase in surface energy. As the PIIID ﬁlm also contains less
xygen (3.8 at%) compared to that of the PECVD ﬁlm (5.8 at%) [3],
 decrease in the surface energy is expected. The explanation for
his observed increased in the surface energy possibly lies in the
etailed structure of each ﬁlm, such as the greater retention of the
romatic ring structures in the PECVD ﬁlms.
. Conclusions
Optical, surface and mechanical properties of a-C:H, a-C:H:F,
-C:H:N, a-C:H:Cl and a-C:H:Si:O ﬁlms produced by PECVD and
IIID were examined. The optical properties were consistent with
he literature values for similar ﬁlms. The PIIID ﬁlms were thin-
er that the PECVD ﬁlms, with the exception of the a-C:H:Si:O
lms.
The a-C:H:Cl ﬁlms showed an interesting increase in hardness
ith ion implantation. This merits further systematic investiga-
ion to delineate the effects of the implantation parameters such as
he proportion of gases used, the total pressure, and the substrate
ulse-bias and duty cycle.
The surface energies, as determined via liquid drop surface con-
act angle measurements, usually vary directly with the surface
oughness, as assessed by AFM images. Implantation usually leads
o smoother surfaces.
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